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Dağları carbonate platform and is overthrusted from the NW by the Lycian Nappes, a composite nappe system of ophiolites and Mesozoic sediments that underwent its final emplacement over the Bey Dağları foreland in the Early Miocene (Hayward 1984; Okay 1989; Collins and Robertson 1997 , 1998 van Hinsbergen 2010) . From the east, the Bey Dağları platform is also overthrust by ophiolite-and carbonate-dominated thrust sheets known as the Antalya Nappes. The youngest thrusting at the contact with Bey Dağları-Western Taurides-occurred in the Early Miocene time (Hayward 1984) whilst Middle Miocene to Pliocene out-of-sequence thrusting in the Isparta Angle is dominated by the Aksu Thrust and the Kırkkavak strikeslip and normal-dominated fault (Dumont and Kerey 1975; Glover and Robertson 1998; Deynoux et al. 2005; Flecker et al. 2005; Çiner et al. 2008; Schildgen et al. 2012a ) and their offshore equivalents in the Bay of Antalya (Hall et al. 2014) (Fig. 1) .
Despite the long and intense history of shortening, the present-day tectonic regime as portrayed by active seismicity, earthquake focal mechanisms, field data, including fault plane solutions, and GPS measurements shows that the northern and eastern part of the Isparta Angle experience extension. At depths beyond 50 km below the Isparta Angle, however, an east-dipping slab segment is imaged by seismic tomography (de Boorder et al. 1998; Biryol et al. 2011) , which is still accommodating E-W compression as shown by earthquake solutions (Schildgen et al. 2012a) . Seismicity shows active deformation along the Akşehir-Afyon Fault Zone, the Ilgın Fault Zone, the Yaka-Eğirdir Fault Zone and the Konya Fault Zone (Fig. 2) . Focal mechanism solutions of moderate-size earthquakes along these faults in historic times indicate regionally multi-directional extension, with range-bounding major normal faults accommodating dip-slip NE-SW extension that occur in tandem with NW-SE extension accommodated along less prominent fault zones (Taymaz et al. 2004; Ergin et al. 2009; Poyraz et al. 2014; Tiryakioğlu et al. 2013; Koçyiğit et al. 2012) (Fig. 2) .
Both the Miocene to Pliocene E-W to NE-SW shortening in the heart of the Isparta Angle, and the present-day NE-SW extension that governs the range-bounding normal faults in the north-eastern flank of the Isparta Angle are not straightforwardly explained in a context of ~N-S AfricaEurasia convergence. Previous workers have focused especially on the shortening accommodated along the Aksu Thrust and postulated a causal relationship with westwards Anatolian escape (e.g. Glover and Robertson 1998; Deynoux et al. 2005; Hall et al. 2014) . Westwards motion of Anatolia relative to Eurasia, accommodated along the major North Anatolian Fault Zone, is prominent in GPS measurements (e.g. McClusky et al. 2000; Reilinger et al. 2010) and is believed to have started around 11 Ma in response to Arabia-Eurasia collision in eastern Turkey (e.g. Şengör et al. 2003; Faccenna et al. 2006; Hüsing et al. 2009; Okay et al. 2010) .
Less attention has been given to the Cenozoic kinematic history of the eastern limb of the Isparta Angle. Active and fossil normal faults in the northern and eastern part of the Isparta Angle border Neogene sedimentary basins (Fig. 1c) . Whereas high on the Tauride mountains, relict extensional basins are found with upper Miocene marine sediments (Deynoux et al. 2005; Cosentino et al. 2012; Schildgen et al. 2012a) , basins flanking the Tauride mountains to the east are filled by continental sediments and in places volcanics, and formed in an overriding plate setting of the present-day Cyprus subduction zone, as well as above the Antalya slab fragment. These intramontane basins include the Altınapa, Ilgın (or Akşehir) and Yalvaç Basins (Fig. 1c) , which have basin in-fill that started to accumulate in the Miocene (Göğer and Kıral 1969; Özcan et al. 1990; Yağmurlu 1991a, b; Eren 1993 Eren , 1996 Özkan 1998; Özkan and Söğüt 1999; Koç et al. 2012) (Fig. 1a) .
To assess the geodynamic causes governing the active deformation in south-western Turkey, it is key to obtain information for the temporal relationships between regional extension and compression directions as well as geometry, stratigraphy and facies associations and evolutionary history of the basins in the region. In this paper, we study the geological evolution of the Yalvac Basin, a 15 km wide, 55 km long, NNW-SSE trending intra-montane basin located in the northern tip of the Isparta Angle, to assess its kinematic history and inception age of active tectonics in the region in the context of the development of the Isparta Angle. To this end, we studied sedimentary and stratigraphic records in the Yalvaç Basin. In addition, the structural and kinematic evolution of the basin is also studied using remotely sensed data and field mapping to understand the interplay between tectonics and sedimentation in the basin as well as temporal relationships between basin-infill and mapped structures in the region. In order to determine the timing of tectonic events, the stratigraphic data are integrated with the kinematic data. In this regard, especially the growth faults and syn-depositional structures provided the most reliable information for correlation and reconstructing the temporal relationships between faults and the dating of the paleostress inversion-based deformation phases (c.f. Angelier 1994 ) that prevailed in the region since the Middle Miocene. Fig. 1 (a) Simplified structural map of southern Turkey overlain on an SRTM topographic image. White rectangle denotes area shown in (c), (b) major tectonic zones of Turkey (modified from Okay et al. 1996 and Kaymakci et al. 2010. (c) Simplified geological map of the Isparta Angle showing location of the study area (red rectangle)
Geology of the Yalvaç Basin
The Yalvaç Basin is located in the northern part of the Isparta Angle. It comprises a continental succession bounded in the north, west and east, and overlying basement highs comprising folded and thrust (meta-) sediments ranging in age from Ordovician to Cretaceous as well as presumably Cretaceous ophiolitic rocks (Yağmurlu 1991a) . Thrusting within the Tauride nappes continued into the Eocene (Altıner et al. 1999; Andrew and Robertson 2002) , and the Yalvaç basin unconformably overlies this nappe system. In this paper, we summarize the key characteristics of the stratigraphy, structure, and sedimentology of the basin and show a selection of field photographs to illustrate and exemplify these descriptions.
Lithostratigraphy and sedimentology
The first geological studies on the >800-m-thick (Yağmurlu 1991a, b) stratigraphy of the Yalvaç Basin concentrated mainly on lignite-bearing Neogene units (Lahn 1940; Wedding 1954; Fürst 1955; Göktunalı 1957; Pekmezciler 1958) to evaluate the lignite content of the region. Yağmurlu (1991a) established a more detailed Neogene stratigraphy of the basin and formalized the stratigraphy. We adopt the formation nomenclature of Yağmurlu (1991a) and divide the Neogene lithostratigraphy into four main stratigraphic units, from older to younger (1) the Bağkonak Formation, (2) the Yarıkkaya Formation, (3) the Göksöğüt Formation and (4) the Kırkbaş Formation (Fig. 3) . Below, we describe their lithology, age and contact relationships and provide an interpretation of their depositional environments (Figs. 3, 4) .
Bağkonak Formation
The Bağkonak Formation (Demirkol 1982; Yağmurlu 1991a) contains 250 m of continental red clastics with dominantly conglomerates at the bottom and intercalating sandstone and sandy-mudstone towards the upper levels. The unit is well-exposed around Özbayat and Bağkonak located (Fig. 4) , where we documented the type section of the Bağkonak Formation (Fig. 5) . The formation unconformably overlies pre-Neogene units, exposed in an erosional window near Bağkonak, that include lowgrade metamorphic rocks and carbonates, and grades vertically and basinwards into yellowish/white marly deposits of the Yarıkkaya Formation.
We measured a section in the Bağkonak Formation (Fig. 5 ) south of Özbayat, where a ~130-m-thick succession starts at the bottom with angular, unsorted, clast-supported, well-cemented, 10 cm-to 2-m-thick-bedded reddish conglomerates. Pebbles of the conglomerates ranging from gravel to boulder size (up to 50 cm in diameter), comprise slightly foliated green metamorphic rocks (90 %) and light to dark grey carbonates (10 %), exposed in the nearby Sultandağları Mountain (Fig. 6a) . The arrangement of the pebbles is generally chaotic suggesting rapid sedimentation, whereas finer beds are fining upwards. Towards the upper parts, the conglomerates become gradually matrix supported. Sedimentary structures such as pebble imbrications and scour-and-fill structures (channel deposits) are occasionally observed. Cannibalization of basin sediments is shown by erosional bases of channels and abundant shale clasts in the lower parts of the conglomerate beds. Upwards, brick red to purple sandstones and sandy mudstones alternate with conglomerates. The top of the section contains ~70 m of monotonous matrix-supported polygenic conglomerates. The pebble (<5 cm) clasts are dispersed in a poorly sorted matrix of sand and silt.
We interpret the unsorted, angular and boulder to pebble, reddish/brownish conglomerates in the lower part of the Bağkonak Formation as an indication of proximity to the sediment source. Upwards grading and basal erosion of conglomerate lenses signify an energetic environment and the poor sorting, and overall fining-upwards character of the upper part of the unit suggests an origin as gravity flows with sediment transported in turbulent suspension. Hence, the Bağkonak Formation was probably deposited as debris flows in alluvial fans and bird-foot deltas along the basin margin formed by the Sultandağları range.
Neither this nor previous studies (Demirkol 1982; Yağmurlu 1991a ) of the Bağkonak Formation have yielded any fossils. The interfingering Yarıkkaya Formation, however, was inferred to be Middle Miocene in age (see below).
Yarıkkaya Formation
The Yarıkkaya Formation is composed of coarse, subrounded, poorly sorted, grain-supported conglomerates at the bottom and grades upwards into sandstone and coarsens towards the top with boulder to block, subangular, matrix-and grain-supported conglomerates. We studied two sections of the Yarıkkaya Formation close to Yarıkkaya (Fig. 4) . The formation unconformably overlies pre-Neogene units including low-grade metamorphic rocks and carbonates in the north and conformably overlies the Bağkonak Formation in the south. It is overlain by the Göksöğüt Formation, unconformably in the north and conformably in the south.
We constructed a composite section of the Yarıkkaya Formation based on two different locations, separated by the Yarıkkaya Normal Fault, representing a proximal and a more distal equivalent of the formation (Fig. 7a) . The proximal part of the section is ~400 m thick and has been studied ~4 km north of Yarıkkaya, where a basal conglomeratic unit overlying pre-Neogene basement is exposed. The succession starts with sub-rounded, unsorted, well-cemented and medium-to thick-bedded (30-40 cm) polygenic conglomerates (Fig. 6b, c) , overlying carbonates and low-grade metamorphic rocks of the Sultandağları Mountain. Clasts of the conglomerates ranging from pebble to cobble size (up to 20 cm in diameter) comprise light to dark grey limestone (95 %) and green metamorphic rocks (5 %). Pebbles are randomly arranged, and pressure solution pits are occasionally observed at pebble contacts, suggesting significant compaction. Most conglomerate beds are graded and display imbrication and cross-bedding (Fig. 6b) . In the middle parts, the section comprises thin-to mediumbedded (<30 cm), green/blue organic-rich mudstone and white marls alternating with conglomerates and sandstones. The succession continues upwards with coarse, subangular to sub-rounded, unsorted, occasionally grain-or The distal section, located in the hanging wall of the Yarıkkaya Normal Fault, is ~400 m thick and likely represents a lateral equivalent of the section in the footwall (Fig. 7b ). This section is located ~3 km northwest of Yarıkkaya and exposes tufa, lacustrine marly limestone and conglomerate units. The succession starts with coarse (sub)-angular, well-cemented and clast-supported conglomerates overlying the carbonate basement. Conglomerate clasts range from pebble to boulder size (up to 30 cm) and consist mostly of limestones (>95 %) probably originating from the underlying carbonate basement. The succession continues upwards with creamy-white marl/claystone containing freshwater gastropods ( Fig. 6d) and fossil leaves. This is followed by a green mudstone and lignite seams that are mined. Upwards, white fossiliferous marly limestones and banded, undulated, highly porous tufas alternate with medium-to thick-bedded, poorly sorted clast-supported conglomerates and cross-bedded yellowish sandstones. Clasts of the conglomerates are well rounded and comprise >95 % light to dark grey limestone. Yağmurlu (1991a) reported freshwater fossils in the mudstone and claystone levels of the Yarıkkaya Formation, including Planorbis sp. and Limnea sp. as well as pollen and spore assemblages, and inferred a Middle Miocene age. Saraç (2003) suggested an Early-Middle Miocene age based on fossil vertebrates Rodentia-Cricetinae from lacustrine deposits in the upper part of the Yarıkkaya Formation.
We interpret the boulder to block, sub-angular to subrounded, matrix-and grain-supported conglomerates with cross-bedding and pebble imbrications in the lower part of Yarıkkaya Formation as deposited in a fluvial environment. The fine mud/clay, marly limestone and tufa deposits towards the basin centre are interpreted as shallow lacustrine deposits with intercalation of fluvial conglomerates and sandstones representing relative lake-level variations. Lignite seams are interpreted as swamp deposits. The Yarıkkaya Formation and the Bağkonak Formation thus show a gradual transition from alluvial aprons along the basin margin, through low-sinuosity streams to lacustrine facies in the central parts of the basin.
Göksöğüt Formation
The Göksöğüt Formation is composed of banded, highly porous brownish limestone at the base and coarsens upwards into rounded, poorly sorted, grain-supported conglomerates. The formation grades laterally, from north to south, into black sandstone and algal limestone. The formation is well-exposed north of Körküler and around Ayvalı where we analysed a section of the Göksöğüt Formation in detail (Fig. 8) . It overlies the Yarıkkaya Formation and is unconformably overlain by the Kırkbaş Formation.
The Göksöğüt section is at least 150 m thick and was studied in three locations north of Körküler (Fig. 8) . The base of the unit contains of ~45 m banded, porous, buff to brownish limestone (Fig. 6g) , intercalated with rounded, unsorted pebble to cobble (up to 7 cm in diameter) matrixsupported conglomerates and coarse sandstones with floating pebbles. Clasts of the conglomerates consist mostly of limestones (>95 %) ( Fig. 6e ) and are set in a carbonate matrix. As a result, these conglomerates appear as massive limestone in outcrop. Upwards, thick bedded, unsorted, angular to rounded grain-supported conglomerates appear (Fig. 6e ). Clasts range from pebble to block (up to 1 m) and consist of light to dark grey limestone (>95 %) and occasionally green metamorphic rock. Sedimentary structures such as pebble imbrications, cross-bedding, channels and erosion surfaces at the base of the bedforms (scour-and-fill structures) were occasionally observed. Around Ayvalı, these conglomeratic units laterally become finer and grade into sandstone-limestone alternations. These sandstones are dark coloured to black ( Fig. 6f ) and consist of lithic fragments including carbonates and greenish/reddish metamorphic rocks. Primary sedimentary structures like cross-bedding and grading within beds were occasionally observed. Intercalated limestones are light brown, usually porous and banded, but at some levels, they are buff, massive and well cemented. The limestones are medium-to thick (up to 60 cm)-bedded.
From north to south, there is a gradual decrease in grain size, and the facies changes from conglomerate to creamywhite marly limestone with organic-rich levels. The thickness of this marly limestone unit is about 45 m in the north, whilst it reaches 200 m in the south (Fig. 8) . The changes in depositional system from bottom to top (coarsening upwards) are interpreted to reflect infilling of the lacustrine basin by high-energy river systems. Freshwater gastropods in the marl and claystone levels of the Göksöğüt Formation include Planorbis sp. and Limnea sp., but were interpreted as endemic and are not suitable for dating (Yağmurlu 1991a) . Note that the shoreline migrates towards the lacustrine side (i.e. it is a regressional system) Kırkbaş Formation Finally, the Kırkbaş Formation consists of reddish, poorly consolidated conglomerate, sandstone, and mudstone alternations. The Kırkbaş Formation unconformably overlies the Göksöğüt Formation and older units and is overlain by Quaternary alluvium. It is well exposed to the east of Terziler and around Kırkbaş in the Western part of the basin.
The formation is dominated by partly consolidated, poorly sorted and polymict, angular to sub-rounded, pebbleto boulder-size clasts (<30 cm) and matrix-supported reddish conglomerates. Clasts are composed of mostly milky-white and grey limestones from the basement, but also include creamy-white to grey lacustrine limestones known from the Neogene units of the basin. Another common facies within this unit comprise alternations of sandstone, siltstone and mudstone with floating pebbles. Stratification is not well developed. However, well-developed carbonate concretions in the red mudstones at some levels indicate development of thick soil profiles, which is probably the main reason for the obliteration of bedding. We interpret the matrix-supported, unsorted and pebble to boulder reddish conglomerates with angular clasts as deposits of an alluvial fan.
Around Tokmacık, Yağmurlu (1991a) reported fossil vertebrates including Hipparion sp. and Mastedon sp. could indicate a Pliocene age for the Kırkbaş Formation.
Structural geology
Large-scale normal faults delineate the major basement highs surrounding the Yalvaç Basin. Within the basin, numerous mesoscopic faults with a few centimetres to few metre displacements are associated with regionally gentle strata undulations. Most of these structures, lithological variations and geomorphologic characteristics, as well as a first-order analysis of fault geometries and patterns, were mapped based on remote sensing techniques and subsequently verified in the field. Finally, we inferred paleostress configurations during basin evolution using kinematic data from the mesoscopic and syn-depositional faults.
Lineament analysis
Delineation of the lineaments using remotely sensed data is a complex process and includes some uncertainties related to spatial resolution and spectral characteristics of the used images. To reduce uncertainties, various enhancement techniques including contrast enhancement, colour composite, principal component analysis (PCA) and decorrelation stretching (DS) may help to improve the visual interpretability of an image (Lillesand and Keifer 1999) . For this purpose, Landsat ETM+, Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), aerial photographs and Quickbird images obtained from Google Earth were used to improve delineation and characterizing geological lineaments in the study area. All these data types have different spatial and spectral resolutions that can be effective for the determination of structures at various scales. To aid lineament extraction studies, additional 25 × 25 resolution digital elevation models (DEM's) prepared from 1/25.000 scale topographic maps were used to improve 3D visualization.
The lineament extraction process was performed manually on the images. The resultant lineament map of the Yalvaç region is shown in Fig. 9 , together with a lengthweighted rose diagram of the extracted lineaments. The map includes both discriminated faults confirmed by field observations and literature data as well as lineaments extracted during this study. The rose diagram (Fig. 9 ) includes both confirmed faults and lineaments and shows two dominant directions, i.e. NE-SW (N45°-55°E) and NW-SE (N35°-45°W), indicating that the tectonics of the area is controlled by two sub-orthogonal zones of weaknesses (Figs. 9, 10 ).
Field observations
Faults encountered in the field are ENE-WSW and NNW-SSE striking faults (Fig. 10) , all of which show normal motion with subordinate sinistral and dextral oblique components. Among these, the Yarıkkaya Fault Zone is morphologically the most prominent fault zone, and it consists of three segments. It borders an ENE-WSW trending, linear mountain front rising steeply north of Yarıkkaya (Fig. 11a, b) . The main fault plane dips south and ranges between 60° and 90° depending on the curvature of the fault plane (Fig. 11c) where it juxtaposes the Miocene Yarıkkaya Formation with basement units (Fig. 11a) . Fault segments of the Yarıkkaya Fault Zone are connected through relay ramps (Larsen 1988; Sanderson 1991, 1994) , e.g. north of Yarıkkaya where a south facing stepping relay ramp is prominent, developed within the basement rocks (Fig. 12a) . The overlap zone between the bounding segments is ~1 km in length (overlap) and 600 m in width (separation) (Fig. 12b) .
Morphologically, the Yarıkkaya Fault Zone can be traced westwards on aerial photographs and satellite images, towards the Karacaören Fault that controls the southern margin of the Quaternary Karamık graben. The Karacaören Fault, however, dips northwards. To the east, the Yarıkkaya Fault Zone dies out within the Sultandağları range. (Fig. 11d) . Hanging valleys along the Yarıkkaya Fault Zone were determined from stream profiles that were extracted from the Digital Elevation Model (DEM) using a watershed algorithm. Produced stream profiles are identified in Fig. 11e and are highlighted by red solid lines on the DEM image. Among them, stream profile 3 shows the high elevation difference along the waterway.
The Çakırçal Fault Zone is more than 15 km long and consists of three segments that each juxtaposes the basin fill against pre-Neogene carbonates and low-grade metamorphic unit of the Sultandağları range along a NNW-SSE zone (Fig. 4) . The main fault surfaces are observed to the north of Çakırçal and display a westerly dipping normal fault (Fig. 13a, b) . The dip of the fault surface ranges from 20° to 60° in the northern segment of the fault and from 60° to 85° in the south. Fault segments are linked by E-W trending transverse faults. The northern continuation of the Çakırçal Fault Zone is cut and displaced by the eastern segment of the Yarıkkaya Fault Zone. The southern continuation of the fault is difficult to follow on the topography. The Çakırçal Fault Zone is readily recognized in the field by sudden changes in vegetation (Fig. 13a) along the fault trace and juxtaposition of different lithologies. Slickensided surfaces allowed collection of fault-slip data from several locations (Fig. 13c) . Kinematic indicators in the fault zone indicate dip-slip normal motion (Fig. 13c) , consistent with ~E-W extension.
The Sağır Fault Zone is more than 18 km long and is recognized as a NNE-SSW-oriented, linear valley to the west of Sağır (Fig. 4) . It continues to the south along a NNE-SSW-oriented linear mountain front rising gently to the west of Kırkbaş. The main fault is an east-dipping normal fault with a dip ranging from 50° to 75° varying with strike curvature of the fault plane (Fig. 13d) . It delimits the Western margin of the Yalvaç Basin and separates basin fill from basement carbonate units. Morphologically, the southern continuation of the Sağır Fault Zone can be traced on aerial photographs and satellite images up to the vicinity of Eyüpler (Fig. 4) . It is cut by Yarıkkaya Fault Zone in the north and is also cut by NE-SW striking Kumdanlı Fault Zone in the south.
The sudden break in slope and the juxtaposition of different lithologies are used as criteria for the recognition of the Sağır Fault Zone. At some localities, slickensided surfaces allowed collection of fault-slip data that suggest a transtensional character and approximately NW-SE extension (Fig. 13e) .
The Kumdanlı Fault Zone is a ~20 km long NE-SW trending normal fault zone, which is defined as an active fault in the General Directorate of Mineral Research and Exploration of Turkey database (Active Fault Map of Turkey, 1992) . It extends from Mısırlı to south of Aşağıtırtar and then disappears into the Hoyran Lake (Figs. 4, 9 ). It shows a northwest-facing, step-like morphology, and the dip of the fault planes ranges between 70° and 88° depending on the along strike curvature of the fault trace. To the west, it separates Plio-Quaternary infill of the Hoyran Basin from pre-Neogene basement in the west (Fig. 14a) . Within the Yalvaç Basin, it cuts and displaces basin units. Morphologically, the north-eastern continuation of the Kumdanlı Fault Zone dies out within the infill of the Yalvaç Basin (Fig. 14a) . The Kumdanlı Fault Zone is recognized as a NE-SWoriented linear mountain front rising steeply in the north of Aşağıtırtar. It creates a conspicuous fault scarp with welldeveloped slickensides and is associated with an active colluvial wedge. Our fault-slip data show that the Kumdanlı Fault Zone is an oblique normal fault accommodating ~E-W extensional strain (Fig. 14b) .
The Yaka Fault Zone (Figs. 4, 14c-e ) is an about 6 km wide and more than 20 km long, ~NE-SW trending normal fault zone. The south-western tip of the fault is located to the south of Gelendost, and the fault zone continues northeastwards to Madenli. The dips of the fault surfaces range between 45° and 70°. The Yaka Fault Zone controls the southern margin of the Yalvaç Basin and separates the Miocene Yarıkkaya Formation from carbonate basement units. In places, the Yaka Fault Zone is cut by NW-SE trending faults.
A sudden break in topography, well-preserved fault scarps (Fig. 14c, d ) and juxtaposition of basement rock and basin fill are common morphotectonic features that allow recognition of the Yaka Fault Zone. Well-preserved slickensides and fault-slip data show normal motion indicating ~NE-SW extensional deformation (Fig. 14e) .
Paleostress analysis

Methods and data
We carried out detailed kinematic analysis on mesoscopic structures to unravel the paleostress evolution of the Yalvaç Basin and use Angelier's direct inversion routine (INVD) (Angelier 1994 ) on fault-slip data.
Paleostress inversion provides an analysis of fault orientation and kinematic indicators to infer principle paleostresses (Carey and Burinier 1974; Etchecopar et al. 1981; Angelier 1990 Angelier , 1994 . The result of the analysis contains information of the stress conditions that were responsible for brittle deformation events. All methods for reconstruction of the stress orientation rely on the following assumptions: (1) the bulk state of stress in a small area is uniform, (2) the slip direction is parallel to the maximum resolved shear stress on each fault plane (Wallace-Bott assumption), (3) all movements occur under a same stress tensor and (4) the strain is non-rotational. To determine orientations of the three principal stress axes (σ 1 : maximum, σ 2 : intermediate and σ 3 : minimum) and the shape ratio of stress ellipsoid (Ф = (σ 2 − σ 3 )/ (σ 1 − σ 3 ) ranging between two extreme values of 0 and 1, the best fitting-reduced stress tensor based on the given fault-slip data is computed (Angelier 1994) . According to Angelier (1994) , the Ф ratio constrains all-possible cases between uniaxial (σ 2 = σ 3 ; Ф = 0 or σ 1 = σ 2 ; Ф = 1) and tri-axial stress configurations (σ 1 > σ 2 > σ 3 ; Ф = 0.5).
Another data set used to construct and to analyse paleostress configurations concerns veins. Dunne and Hancock (1994) argued that mineral growth directions are perpendicular to fracture walls and are parallel to σ 3 ; therefore, it provides minor principal paleostress orientations. A best fit great circle passing through the poles of the vein planes contains σ 1 and σ 3 , and the pole of the plane corresponds to the intermediate principle stress (σ 2 ). The mean lineation vector represents the mean vector of the vein poles and corresponds to the minimum effective principal stress (σ 3 ). The intersection of the mean great circles for the veins and the great circle containing the poles (auxiliary plane) corresponds to the major principal stress (σ 1 ). Intermediate and major principal stresses are approximately parallel to the vein orientation, and therefore, vein data are insensitive to the orientation of these stresses.
Fault-slip analysis
We collected 1,304 fault-slip measurements from 78 sites of mesoscopic faults cutting the Yalvaç Basin fill and the major fault zones described previously (see Supplementary  Information and Table 1 ), including orientations of the fault planes, slip directions and senses of relative movement. A rose diagram of the strikes of these fault planes indicates a dominant NE-SW strike orientation. Dips of the faults range from 15° to 90°, with the majority between 50° and 75° (Supplementary Information).
Stress inversion was done for each site separately, using 1181 fault-slip measurements and applying the direct inversion method (INVD) (Angelier 1994) . From 78 sites, 92 stress configurations were constructed (Table 1) . Angelier (1994) considered a maximum angular deviation (ANG) of <22.5° a good match, and an ANG between 22.5° and 45° a poor match. A value >45° shows very poor consistency between the measured slip data and the computed stress tensor. Following this, we applied a cut-off angle of 45°, which eliminated a total of 122 fault-slip measurements from the dataset, corresponding to 9.3 % of the data.
Using the misfit criteria and separation procedure, sites 16, 31, 33, 42, 46, 51, 64 and 65 produced two different paleostress configurations. The separated configurations are labelled as 'B' in Table 1 . In some basement sites, overprinting slickensides were documented. For those, each slip direction was analysed separately and considered evidence for at least two deformation phases. The absence of stratigraphic constraints precludes dating of these phases in the basement that information is retrieved from the growth faults in the various formations. This type of faults develops within the sediment pile during sedimentation. It is easy to discriminate them from the post-sedimentary faults by dip-parallel fault displacement variations (Fig. 15) .
Syn-sedimentary structures (Fig. 15) are crucial for paleostress stratigraphy, since these dates the age of the constructed paleostress configuration. In site 78, at the base of the Middle Miocene Yarıkkaya Formation, syn-sedimentary faults with dextral strike-slip movement (Fig. 15b) were found. This is the only site with syn-sedimentary faults with strike-slip slickensides and is interpreted to be a transfer zone within the Yarıkkaya Fault Zone (Fig. 15c) . Site 69 also at the base of the Yarıkkaya Formation preserved syn-sedimentary normal faults (Fig. 15d, f, g ) with well-preserved fault-slip indicators and fault planes striking N-S to NE-SW (Fig. 15f) . The inferred extension direction from this location is NW-SE (Fig. 15h) . Finally, sites 5, 60, 65, 68, 69 and 78 contain syn-sedimentary normal faults that yield a vertical σ 1 orientation and an almost radial σ 3 orientation (Fig. 15e) . There, the horizontal components of intermediate and minor stress do not have a preferred orientation, indicating paleostress permutations (Homberg et al. 1997) , which is common in uniaxial stress conditions where magnitudes of two principal stresses are equal or close to equal (Kaymakci 2006 ) .
Veins
Veins are present within the sandstone unit of the Göksöğüt Formation. The vein fill and the host rock have a distinctly different colour and texture. Two veins sets exist: (1) a dominant E-W striking set and (2) a subordinate N-S striking set. Most of the E-W striking veins are up to 25 cm thick (Fig. 16a ) and dominantly around 10 cm. N-S striking veins are very thin with a maximum thickness of around 1-2 cm (Fig. 16b) . The cross-cutting relationship in Fig. 15b between these vein sets suggests that N-S striking veins generally post-date the E-W striking ones.
The growth pattern of the veins varies, with some that developed symmetrically, but most showing asymmetric growth, such that the thicknesses of the vein fills grown from either side of the vein wall are not equal. In most veins, calcite overgrowth patterns and banded structure of the calcite fill are well developed (Fig. 16a) . Wherever observed, the vein-filling calcites are roughly equant and show crystal faces. Occasionally, veins may contain fragments of the host rock (breccia zones) coated with a calcite layer (Fig. 16b) .
The strikes of the veins range between 057°N and 107°N (Fig. 16c) . A best fit great circle passing through the poles of the vein planes is oriented 347°N/81E. The mean lineation vector is found as 167/04, which refers to the minimum effective principal stress (σ 3 ) (Fig. 16d) . The intersection of the mean great circles for the veins and the great circle containing the poles (auxiliary plane) is 045/80, which is close to vertical. Therefore, the tectonic regime during the emplacement of these veins was extensional. The orientation of intermediate paleostress (σ 2 ) vector was 90° apart from σ 1 along the mean great circle of vein planes: 256/09°. The horizontal component of σ 3 is approximately N-S (Fig. 16d) and indicates the dominant extension direction.
Spatial characteristics
Paleostress analyses from the Yalvaç Basin unravel the stress regimes that controlled the geometry and evolution of the basin. To this end, we performed detailed analyses of the constructed paleostress orientations and compared these to the regional structures. Figure 17 shows the density diagram of principal stress orientations (σ 1 , σ 2 and σ 3 , respectively) as well as histograms of the ф values for the whole data set. Orientations of σ 1 are generally (sub-)vertical (Fig. 17a) as they are concentrated in the centre of the diagram. Stereographic projections of σ 2 and σ 3 orientations show a wide scatter but are consistently sub-horizontal ( Fig. 17b and c) consistent with the extensional nature of the Yalvaç Basin. This scattering may be due to σ 2 -σ 3 being near equal, implying uniaxial stress conditions that gives way to multi-directional extension. The horizontal components of the σ 3 directions are plotted in Fig. 18 . Our field study reveals that NE-SW and NW-SE trending major fault sets controlled the structure of the area. Most σ 3 directions, including strikeslip solutions (sites 5, 16B, 31B, 33B, 37B, 46B, 51B, 64, 66, 73 and 78), also indicate two dominant extension directions (Fig. 18c) . These directions may be controlled mainly by the geometry of the associated major faults rather than the regional stress pattern: the orientation of σ 3 is almost always perpendicular to the adjacent major fault. The paleostress inversion results based on the growth structures in the various formations, in combination with the sedimentological evidence that the main faults that are bounding the basin today were also forming the basin margin during deposition, indicate that these normal faults were simultaneously active during deposition.
Temporal relationships
Temporal changes of the paleostress configurations throughout the stratigraphy are critical to constrain paleostress configurations throughout the basin evolution. Basin strata recorded paleostress orientations that were coeval with and after sedimentation (Fig. 16) , while the basement likely recorded the entire paleostress evolution (c.f. Kleinspehn et al. 1989) . Temporal characteristics of the basin are given in Fig. 19 . Relative ages of the paleostress data are ordered based on (1) the age of the rocks from which the fault-slip data were collected and (2) crosscutting relationships between the faults and the stratigraphy. The results reveal that there is neither temporal nor spatial variation in the paleostress configurations since the Middle Miocene, and two dominant E-W to NE-SW and N-S to NW-SE extension directions consequently acted in tandem throughout the evolution of the Yalvaç Basin and still do today. From this, we infer that present-day stress configuration has prevailed since the onset of sedimentation in the Yalvaç Basin, i.e. since at least Middle Miocene times. 
Discussion
Yalvaç Basin evolution
Our sedimentological results show that the modern margins of the basin represent the paleomargins, sediments of the Yalvaç Basin are fining basinwards, with the clearest depocentre represented by the fine-grained lacustrine Yarıkkaya Formation. In addition, the fining-upwards trend in the lower to middle part of the stratigraphy suggests that most of the accommodation space was formed in the period towards the deposition of the Yarıkkaya Formation, which according to the biostratigraphic interpretations listed above is of Middle Miocene age; the onset of sedimentation in the basin is not known precisely, but must have occurred during or before the Middle Miocene. This age is also supported by the radiometric age determinations from different volcanic levels of the Sille (~11.9-11.7 Ma) and Afyon (~8-14.8 Ma) volcanics (Koç et al. 2012; Besang et al. 1977; Keller and Villari 1972) .
The presence of thick coarse clastic deposits along the north-western normal fault controlled margin, together with the onlap geometry of the Yarıkkaya Formation onto the basement in the northeast margin of the basin, indicates that the onset of basin subsidence was likely extensioncontrolled, with NE-SW directed extension dominating the major basin-bounding structures. The Yalvaç Basin developed as a half-graben, although we documented NE-SWoriented antithetic normal faults along the west side of the The Yalvaç Basin is thus a rather local basin with its own depocentre and faulted basin margins. Its formation, however, is not an isolated event. A similar stratigraphy and basin geometry were reported for Altınapa and Akşehir Basin in the east of the study area (Koç et al. 2012; Koçyiğit and Özacar 2003; Koçyiğit et al. 2000) . The Altınapa Basin stratigraphy contains volcanoclastic sediments intercalating with lacustrine limestones, which were dated with 40 Ar/
39
Ar geochronology at ~11.9-11.7 Ma (i.e. upper Middle Miocene). Similarly, the Akşehir Basin contains continental fluviolacustrine sediments with some reworked pumice levels. Saraç (2003) , and Koçyiğit et al. (2000) reported micro-mammal localities, which correspond to different stratigraphic horizons of alluvial-fluvial as well as lacustrine deposits, and found that the oldest age obtained from the Akşehir Basin is Early Miocene (MN2 Zone).
Our results from the Yalvaç Basin further demonstrate that throughout the basin history, extension has remained active and was multi-directional although E-W and N-S extension slightly dominated. The main basin-bounding structures (Çakırçal and Sağır Fault Zones) are determined by ~N-S striking normal faults in response to E-W stretching, but subordinate, yet prominent ~E-W trending (Yarıkkaya, Kumdanlı and Yaka Fault Zones), dip-slip normal faults in response to ~N-S extension have continuously played a role as well. Similar structural records were also reported by Yağmurlu (1991b) . He suggested that these fault zones were inherited from pre-Neogene N-S compressional deformation and were activated during Middle Miocene extension. Yağmurlu (1991b) is also suggested that the basin was subjected to firstly compressional and then extensional tectonics during the Pliocene, indicating the strike-slip deformation of the Kumdanlı Fault Zone as evidence for the compression. However, our stress inversion results of the fault-slip measurements collected along the Kumdanlı Fault Zone (Fig. 14) show that its motions are consistent with basin extension. Koçyiğit et al. (2012) concluded that extension shaped the Yalvaç Basin, interrupted by a short-term contractional phase. They claimed that the Yarıkkaya Formation was deformed by this short compressive tectonic episode. The field observations presented in Koçyiğit et al. (2012) and also in our study show that folds developed in the Yarıkkaya Formation are only very gentle (interlimb angles are between 180° and 120°). This type of undulations can easily develop during extension al tectonic regime (Schlische 1995) . Janecke et al. (1998) reported that the interlimb angle of the extensional folds can range from ~100º up to 175º (open to gentle folds). We therefore see no evidence to suggest that compressional tectonics have played a role in the deformation history of the Yalvac Basin since the Middle Miocene.
Active seismicity (Fig. 2) demonstrates that the multidirectional extension that we documented from the basin's stratigraphy remains active today, and we therefore conclude that the modern extensional tectonic regime in the core of the Isparta Angle started at least ~12 Ma ago, and likely several My before, to account for the stratigraphy deposited in the Yalvaç and Altınapa Basins below the oldest dated deposits.
Regional implications
These results cast an interesting light on the discussion regarding the causes of E-W shortening in the centre of the Isparta Angle along the Aksu Thrust (Poisson 1977; , as well as offshore in the Bay of Antalya (Hall et al. 2014) , which has been active from Early-Middle Miocene to at least Pliocene times. Both E-W extension and E-W shortening in the Isparta Angle region are surprising given the plate tectonic setting dominated by N-S convergence of Africa and Eurasia. Some authors suggested that the Aksu Thrust is caused by the westwards escape of Anatolia along the North Anatolian fault that is believed to be triggered by the collision between Arabia and Eurasia in eastern Anatolia (e.g. Glover and Robertson 1998; Deynoux et al. 2005; Hall et al. 2014) . This scenario may be inspired by the broadly similar age inferred for this collision (~10-13 Ma) based on stratigraphic and volcanological-geochemical data, and uplift and exhumation ages in the collision zone (Şengör et al. 2003; Keskin 2003; Faccenna et al. 2006 Faccenna et al. , 2014 Hüs-ing et al. 2009; Okay et al. 2010) .
Our results, however, cast doubt on the validity of this mechanism. Although the westwards escape of Anatolia relative to Eurasia is unequivocal (e.g. Şengör et al. 2005; Reilinger et al. 2010) , the E-W extension in the eastern limb of the Isparta Angle demonstrates that shortening to the west, in the heart of the Isparta Angle, cannot be caused by a push driven by Arabia-Anatolia collision in the east. Similarly, the E-W late Miocene-Pliocene shortening in the heart of the Isparta Angle, as documented along the Aksu thrust as well as farther south in the offshore Antalya Basin Hall et al. 2014) demonstrates that extension in the eastern limb of the Isparta Angle cannot be driven by Aegean extension. In addition, Aegean extension is directed NNE-SSW (van Hinsbergen and Schmid 2012). Fig. 19 Diagram showing evolution of paleostresses with time, with minor stress (σ 3 ) orientations shown as red and blue arrows. Numbers refer to sampling sites shown in Fig. 18 . Red and blue arrows are used to indicate roughly E-W and N-S extension directions. Note that extension directions change from E-W to N-S Geological records suggesting NE-SW extension, such as in Western Greece, are formed by rocks that also underwent NNE-SSW extension, but subsequently rotated clockwise (van Hinsbergen et al. 2005; van Hinsbergen and Schmid 2012) ; similarly, extension directions in the west Anatolian part of the Aegean back-arc (i.e. the Menderes Massif) that are currently indicating N-S extension in the middle Miocene also formed due to NNE-SSW extension, but rotated counterclockwise (van Hinsbergen et al. 2010a, b) . Even if E-W shortening in the heart of the Isparta Angle is ignored, the E-W to NE-SW extension direction in central Anatolia is hard to explain by rollback of the Aegean slab. A history of Early to Middle Miocene NE-SW extension and NW-SE extension was recently documented in the Lycian Nappes to the west of the Aksu thrust (Alçiçek and ten Veen 2008; Alçiçek et al. 2013 ). This history of extension, however, is synchronous with and occurs in the hanging wall of a top-to-the-southeast thrust that brings the Lycian nappes over the Bey Dağları platform (Hayward 1984; van Hinsbergen et al. 2010a ), likely as a result of gravitational sliding (van Hinsbergen 2010) . This extension history is restricted to the Lycian nappes and did not affect the Bey Dağları foreland, or the Menderes hinterland, and in addition, the bulk of deformation is accomplished by15 Ma, i.e. predating most of the history in our study area.
The simultaneous activity of E-W shortening in the centre of the Isparta Angle and E-W extension ~100 km therefore requires a dynamic explanation on the scale of the Isparta Angle. Flecker et al. (2005) suggested that southwards rollback of the Cyprus slab may have driven extensional basin formation in our study area. Although this mechanism is successful in explaining the N-S extension component that we found in the Yalvac basin and that we previously documented in the Altınapa Basin (Koç et al. 2012) , it cannot explain the E-W extension that simultaneously dominated the basin formation history in the study area. Van Hinsbergen et al. (2010a, b) argued that the E-W shortening along the Aksu Thrust is the result of strain partitioning of transpression along the Kırkkavak and Aksu Faults that accommodated counterclockwise rotation of the Bey Dağları platform and overlying Lycian Nappes relative to central Anatolia between ~15 and 5 Ma. Although this mechanism may explain the shortening in the centre of the Isparta Angle, it is insufficient to explain the E-W extension along the eastern limb of the Isparta Angle.
A successful explanation for the kinematic history of the Isparta Angle since at least the middle Miocene thus explains local convergence in the heart of the Isparta Angle while at the same time explains (N)E-(S)W extension the eastern Isparta Angle limb, alongside N-S extension that can be explained by southwards retreat of the Cyprus slab (Flecker et al. 2005) . Interestingly, seismic tomographic images of the mantle below the Isparta Angle published by de Boorder et al. (1998) and later, in more detail, Biryol et al. (2011) , as well as a study focused on earthquake hypocentres in the mantle below the study area (Kalyoncuoğlu et al. 2011) , have shown that there are two separate slab segments below southern Turkey: a northwards dipping slab below Cyprus, which in most of the upper mantle can be tomographically discerned from an eastwards dipping, N-S striking slab, and associated Benioff zone below the Isparta Angle and Antalya Bay (Biryol et al. 2011; Kalyoncuoğlu et al. 2011 ), which we call the Antalya slab. Seismic tomographic images of van Hinsbergen et al. (2010c) and Biryol et al. (2011) clearly show that the Antalya slab is disconnected from the Aegean slab along a prominent transform (STEP, Govers and Wortel 2005) . Biryol et al. (2011) and Schildgen et al. (2012a) suggested that the Antalya slab is a fragment of the Cyprus slab that for some reason rotated into a N-S orientation. Instead, we suggest that the thrust that the Antalya slab formed as a result of a separate, N-S striking subduction zone, that dips eastwards and until at least Pliocene time connected to the surface along the Aksu thrust and its offshore equivalents, with Bey Dağları in the lower plate, and the Taurides in the upper plate. This narrow slab fragment, experiencing westwards trench retreat, would create overriding plate extension consistent with the basin evolution documented in this paper and in Koç et al. (2012) , as well as the shortening documented in the heart of the Isparta Angle.
Recently, Lefebvre et al. (2013) and Advokaat et al. (2014) showed that in Late Cretaceous time, a N-S trending subduction system must have existed in central Anatolia below the Kırsehir block, which drove E-W overriding plate extension that exhumed the Kırsehir high-grade metamorphic massif and created supra-detachment sedimentary basins. The modern slab below the Isparta Angle may well have started along this Cretaceous N-S trending subduction segment and rolled back westwards accreting the Tauride fold-thrust belt at the front and extending the overriding plate throughout the Late Cretaceous and Paleogene in the rear. This may explain the NE-SW to E-W extension dominating the evolution and subsidence of the, Tuzgölü Basin, as shown by seismic reflection profiles (Çemen et al. 1999; Fernandez-Blanco et al. 2013 ) and geological studies (Dellaloglu and Aksu 1984; Fernandez-Blanco et al. 2013; Özsayin et al. 2013) . The locus of E-W extension appears to migrate westwards through central Anatolia with time, and following their extension, become shortened in a N-S direction again, first in the Kırsehir massif and Ulukısla basins in Eo-Oligocene times (e.g. Robertson 2002, 2005; Gülyüz et al. 2013; Advokaat et al. 2014) , and in Middle Miocene in Çankırı Basin (Kaymakci et al. 2000 (Kaymakci et al. , 2001a (Kaymakci et al. , b, 2003 , and Late Miocene time also in the Tuzgolu Basin (until ~6.8 Ma, Özsayin et al. 2013) . We have no evidence that N-S shortening has affected our study area yet and conclude that the causes of this compression should be restricted to an area east of the Western Taurides, for instance, induced by collision of Cyprus with Turkey reflected in late Miocene shortening of the Kyrenia range (e.g. Schildgen et al. 2012a; McCay and Robertson 2013) .
Many studies of the Cretaceous evolution of Anatolia have called for complex subduction zone configurations with multiple subduction zones, micro-plates and triple junctions accommodating Africa-Europe convergence (e.g. Robertson et al. 2003 Robertson et al. , 2013 Robertson and Ustaömer 2011) . Our study suggests that the modern subduction zone configuration of central and eastern Anatolia, as portrayed by seismic tomographic images and documented through bidirectional extension direction documented here, may be more complex than widely assumed. We suggest that the segmented Africa-Europe plate boundary, with separate Aegean, Antalya, and Cyprus slabs at high angles to each other, is inherited from Anatolia's complex geodynamic and plate kinematic history that preceded today's snapshot. The rather complex geometry of slabs below the study area was recently taken into account by Schildgen et al. (2012a) to explain the uplift history of southern Anatolia in latest Miocene and Pliocene time, which recently has received wide attention (e.g. Deynoux et al. 2005; Cosentino et al. 2012; Schildgen et al. 2012a Schildgen et al. , b, 2014 . These authors inferred that the disconnection between the Aegean, Antalya, and Cyprus slab segments may have led to asthenospheric inflow and resulted dynamic topographic effects. Our study suggests that in addition to any dynamic topography, the Antalya slab has had an important contribution to the kinematic evolution of the Isparta Angle in Mio-Pliocene, and even modern times. This recent deformation may also have significantly contributed to the uplift history of the Taurides since the late Miocene.
Conclusions
In this paper, we study the stratigraphic, sedimentological and structural evolution of the Middle Miocene and younger Yalvaç Basin, located in the centre of the Isparta Angle. The Yalvaç Basin unconformably covers a composite basement consisting of ophiolites, metamorphic rocks of the Afyon zone, and non-metamorphic rocks of the Tauride fold-thrust belt that were thrust in Cretaceous to Eocene time. A fining-upwards succession of basal conglomerates into the Middle Miocene Yarıkkaya Formation consisting of fine lacustrine limestones, and clays illustrate that most of the accommodation space was formed during the Middle Miocene or shortly before. Interfingering of the Yarıkkaya Formation with marginal clastic deposits towards the modern basement ridges surrounding the basin shows that the basin was restricted to its modern dimension and represented a local depocentre.
Initial subsidence was dominated by approximately NW-SE to N-S trending basin-bounding faults in the east that produced half-graben geometry of the Yalvaç Basin, with minor antithetic faults in the west. Although the dominant extension was NE-SW to E-W, subordinate NW-SE to E-W striking normal faults are shown to have been simultaneously active throughout the history of the basin. We confirm this conclusion by extensive paleostress analysis using outcrop-scale growth faults and vein sets in the basin's stratigraphy, and a similar history was recently documented from the Altınapa Basin ~100 km to the southeast of the Yalvaç Basin. This multi-directional extension remains active today as shown by recent seismicity. We therefore conclude that the modern extensional regime in the eastern limb of the Isparta Angle has likely been active since at least Middle Miocene times.
In Middle Miocene to Pliocene time, E-W shortening was accommodated along the Aksu Thrust, and offshore within the Bay of Antalya in the heart of the Isparta Angle, ~100 km to the west of the study area. The E-W extension in the Yalvac and Altınapa Basins renders a causal relationship of this shortening with westwards escape of Anatolia unlikely. Instead, our results call for an as yet unidentified regional geodynamic cause for the simultaneous E-W shortening in the centre, and E-W extension in the eastern limb of the Isparta Angle.
